SUMMARY Children with elevated systolic blood pressure have a wide range of cardiac output. To better understand the mechanisms regulating resting and exercise blood pressure, we investigated the cardiovascular responses to both dynamic and isometric exercise in 264 children who were selected from the low, middle, and upper quintile of the distribution of blood pressure of an entire school population. We sought to identify patterns of response to exercise that correlated with both resting cardiac output and resting blood pressure. During isometric exercise, systolic pressure adjusted for age and body size increased in all groups. The low group's mean pressure remained significantly lower than the high group's pressure throughout the entire exercise period. Body size adjusted group systolic and diastolic blood pressure level differences exist during dynamic exercise. The product of the systolic blood pressure times the heart rate, in the high blood pressure group, was significantly higher throughout dynamic exercise than in the other two groups. Elevated resting resistance is correlated with elevated resistance during isometric exercise and elevated diastolic blood pressure during dynamic exercise. Cardiac index had a significant negative correlation to age (r = -0.58) at all levels of blood pressure. This observation, in children, lends some support to the concept of the evolution from a hyperkinetic circulation in early childhood to a circulation with lower cardiac output and more elevated systemic vascular resistance at an older age. (Hypertension 5: 71-78, 1983) KEY WORDS • blood pressure isometric exercise echocardiograph • children • dynamic exercise S CREENING studies of blood pressure document a wide range of resting systolic blood pressure within an age.' In Muscatine, Iowa, despite the wide variability of blood pressure, significant numbers of children remain in the lowest, middle or highest quintile of blood pressure during successive biennial school screenings.
blood pressure in young people, found that adolescents with labile essential hypertension have a wide range of cardiac output. Similarly, we have noted 4 that younger children whose systolic blood pressures remain in the upper part of the distribution over successive years have a wide range of cardiac output, and also have greater left ventricular wall mass than those with lower blood pressure.
Because children and adolescents with elevated blood pressure have a wide range of cardiac output, a single mechanism does not appear responsible for the elevated pressure. To better understand the control of blood pressure in children, we investigated the cardiovascular responses to both dynamic and isometric exercise in children across the blood pressure distribution and sought to identify patterns of response to exercise that correlated with both resting blood pressure and resting cardiac output.
Methods

Population
The school children of Muscatine, Iowa, have participated in a screening program for coronary risk factors since 1970. The great majority of children in the study are white (96.4%). Based upon consecutive school screening measurements in the years 1975 and 1977, we identified students whose systolic blood pressure was in the high, middle, or low quintile for age. The children in 1979 were in Grades 4 through 12 and ranged from 9 to 18 years of age. We selected a stratified random sample of those children whose systolic blood pressure was initially (in 1975) in the high, middle, and low quintiles and persisted (in 1977) in the same quintile. Table 1 shows the number eligible and the percent participating. A total of 264 students, 140 males, and 124 females participated.
Study Protocol
All studies were performed in a trailer parked next to the school building. The school authorities assisted in selecting the time of study for each child. After obtaining both the parent's and the child's written consent, we measured height, weight, triceps skinfold thickness and blood pressure according to a previously described protocol. 5 In the recumbent position echocardiograms were performed using an SKI ultrasonascope 20-A with a 3.5 mHz transducer and a Honeywell 1856 strip chart recorder. The "standard interspace technique" for transducer position was utilized. 6 The left ventricular dimensions were recorded and tested according to standardized criteria. 47 In this study, a randomly selected group of subjects were remeasured. The high degree of reproducibility was confirmed as previously described. 7 Recumbent blood pressure was measured by ultrasound using an Arteriosonde model 1216. The systolic and diastolic output signals from the Arteriosonde were recorded on a Honeywell strip chart recorder and measured against 50, 100, and 150 mm Hg calibration signals. The blood pressure measurement was recorded immediately prior to the recording of the echocardiogram. Both systolic pressure (r = 0.98) and diastolic pressure (r = 0.91) correlate highly with intra-arterial blood pressure. 8 -9 We found similar high correlations of arteriosonde-determined arterial blood pressure to arterial blood pressure in our laboratory. 10 The diastolic and systolic left ventricular volumes (LVDV, LVSV) were calculated from the echocardiographic left ventricular end diastolic (LVDd) and end systolic dimension (LVDs) respectively by the method of Meyer et al."
The formulas used were:
LVDV (liters) = -1 9 . 1 + 14.6 LVDd + 0.62 LVDd 3 and LVSV (liters) = -1 9 . 1 + 14.6 LVDs + 0.62 LVDs 3 .
The echocardiographic stroke volume was calculated by the difference between diastolic and systolic volumes. The cardiac output (liters/min) was calculated as stroke volume x heart rate; and the cardiac index was determined by dividing the cardiac output by the body surface area.
An echocardiographic stroke volume equivalent (SV e ) determined entirely from measured echocardiographic variables was calculated by the formula:
Stroke volume equivalent (SV C ) = LVDd -LVDs.
A resistance index was calculated by the formula: Resistance index = mean blood pressure/cardiac index, where mean blood pressure was calculated by adding diastolic blood pressure and one-third of the pulse pressure.
A resistance index equivalent, using the directly measured echocardiographic SV e , was calculated by the formula:
Resistance index equivalent = mean blood pressure/ SV C x heart rate.
Isometric Handgrip
A calibrated hand dynamometer was utilized to perform isometric exercise using the left hand with the children lying supine. All subjects were asked to perform maximal exertion three times. The highest work load achieved was recorded. Following a 10-minute period, to assure resting conditions, both systolic and diastolic right arm blood pressures were measured in the recumbent position by a Doppler blood pressure device which was electronically interfaced to the stripchart recorder of the echocardiograph.
Resting baseline measures included systolic and diastolic blood pressure, heart rate and echocardiographic left ventricular dimensions. The heart rate was calculated from the average of five R-R intervals of the electrocardiogram. Thirty percent of maximal handgrip was maintained for 3 minutes. Subjects were taught to breath quietly and to avoid the Valsalva maneuver. All measurements were at 1-minute intervals for 3 minutes beginning with handgrip. Handgrip was released and three more 1-minute interval measurements were recorded during the recovery. For each interval, the data from three consecutive cardiac cycles were averaged.
Dynamic Exercise
Following the attachment of a proper sized blood pressure cuff 3 to the right arm, children were seated on an electronically braked ergometer whose pedal length was adjusted for their height. Cardiotachometer leads were attached to both arms. Following a 2-minute explanation of the tests, resting blood pressure and heart rate were recorded. The children were exercised according to the simple progressive exercise test of Godfrey et al., 12 in which the work load on the ergometer was increased every minute by a fixed amount dependent upon height. For children under 125 cm, the increment was 10 W; for children between 125 and 150 cm, it was 15 W; and for children over 150 cm, 20 W. The child was encouraged to continue exercise as long as possible so that a maximal effort was obtained. The double product was calculated as the product of systolic blood pressure and heart rate x 10~3.
Statistical Methods
Handgrip and bicycle data were adjusted for age using the analysis of covariance method. For each variable, a linear regression based on the entire sample with age as the dependent variable was computed. The regression equation gave a predicted value based on age which was subtracted from the observed value to obtain a residual from regression. The grand mean for all subjects was added to the residual to get the age adjusted value. This method was also used to adjust for body size. The regressions in this case used age, sex, height, weight, and the natural log of triceps skinfold thickness as the dependent variables.
Adjusted and unadjusted values were compared using analysis of variance and Duncan's multiple comparison procedure. Time change profiles in the three groups were compared using multivariate analysis of variance (growth curve analysis). 13 Rather than making individual comparisons at each time point, these tests compare the shape and magnitude of the profiles with time in the three groups. This method utilizes the repeated measures on individuals and is similar to a repeated measures analysis of variance.
Growth curve analysis answers the question "were the profiles of change with time similar in the three groups?" Preliminary analyses indicated that changes with time, when they existed, were always linear. Thus, linear regression lines were fitted to the data for each of the three blood pressure groups. The slopes of these lines were compared to determine if the rates of increase or decrease with time were similar in the three groups. When the slopes were not different, comparing the overall means tested for no group differences. Linear regression methods or analysis of covariance could not be used here since the observations at individual time points were not independent.
Pearson correlation coefficients were used to examine the association of exercise hemodynamic and echocardiographic variables with age and baseline cardiac index. Pearson correlations and partial correlations with sex, height, weight, and triceps skinfold held fixed were used to describe the strength of the association of baseline blood pressures and the hemodynamic variables with age. Preliminary analyses indicated that these associations were similar in the three groups so the correlations were compared in the pooled (high, middle, and low) blood pressure groups.
Results
The three blood pressure groups were similar in age and sex distribution (table 2), although the high blood pressure group children tended to be younger. Following adjustment for age, children in the low blood pressure group were shorter than the other two groups. The children in the high blood pressure group were significantly heavier, had greater triceps skinfold thickness and body surface area than those in the low blood pressure group (p < 0.001).
Resting
The simple correlations and partial correlations show that resting blood pressures and hemodynamic variables are related to age (table 3). All simple correlations with age were significantly different from zero (p < 0.001). Thus systolic and diastolic blood pressures, stroke volume and resistance index are higher in older children while heart rate, rate pressure product, and cardiac index are lower. Partial correlations adjusted for body size differences are not significant for systolic blood pressure or stroke volume, but remain significant for the other variables. While increased body size may account for the association between systolic blood pressure and stroke volume, it does not account alone for the association in the other variables.
The group mean resting systolic blood pressure (corrected for age, sex, height, weight, and skinfold thick- •Adjusted for age. Isometric Exercise During isometric exercise, systolic blood pressure increased in all groups and the low group mean pressure remained significantly different from the high group throughout the entire exercise period (table 4) . Growth curve analysis showed a linear increase with exercise in all three groups, but there was a significantly higher slope in the low group than the middle or high groups (p < 0.001). There were no group differences for diastolic blood pressure at either baseline or the first minute of exercise, but significant differences occurred during the second and third minute. Diastolic blood pressure increased linearly with exercise in all three groups with a significantly greater slope in the high group than the low group (p < 0.05). The heart rate increase was not significantly different in the three groups. During handgrip exercise, no echocardiographic left ventricular diastolic dimension, left ventricular systolic dimension, stroke volume, or cardiac index differences among the three blood pressure groups were observed.
Correlations to Resting Cardiac Index
The correlations of blood pressure, heart rate, and echocardiographic dimensions during handgrip with resting cardiac index for children of all blood pressure levels are shown in table 5. Systolic, but not diastolic blood pressure, showed a positive correlation with resting cardiac index during the isometric exercise. However, heart rate, left ventricular diastolic dimension, and stroke volume equivalent all showed significant positive correlations with baseline cardiac index. High baseline cardiac index during exercise was associated with higher heart rate, stroke volume equivalent cardiac index and lower resistance.
Dynamic (Bicycle) Exercise
The adjusted group systolic and diastolic blood pressure levels were significantly different throughout exercise (table 6). The differences existed in level only and not in slope. The adjusted heart rate showed differences at baseline, but during exercise there were no significant differences until the 5th and last minute when the heart rate of the high blood pressure group was significantly greater. The product of the heart rate X systolic blood pressure (double product) showed significant group differences throughout exercise ( fig.  1 ). Growth curve analysis indicated that the double product increased more rapidly and to higher levels in the high group than the low group (p < 0.001). There was a relationship between resting resistance and both resting and dynamic exercise (E,) diastolic blood pressure (partial correlation r = 0.22, p < 0.05). Therefore, children with high resting resistance, whose resistance remained increased during isometric exercise. not only had elevated resting diastolic blood pressure, but this relationship of elevated diastolic blood pressure persisted during dynamic exercise. There were no group differences in total work performed during dynamic exercise.
Discussion
Some investigators remain skeptical of the echocardiogram's ability to measure stroke volume.
14 The criticisms are rooted in methods that cube echocardiographic dimensions to approximate stroke volume, thus giving an opportunity for magnifying the error to the third power. Low frequency probes with lower resolution are necessary to penetrate an adult chest deeply enough to image the left ventricular posterior wall. Moreover, in adults, dyskinesias alter the geometry of the ventricle and invalidate the assumption that the left ventricle is shaped as an ellipsoid. Despite these problems the observed left ventricular end diastolic dimension and end systolic dimensions measured by the echocardiogram are sufficiently sensitive to demonstrate changes in these measurements with acute alterations in the heart rate and systemic arterial pressure of normal adults. 15 16 In children, Meyer et al." have standardized echocardiographic estimates of cardiac output against angiographic estimates and found the correlation to be good. We have documented the precision of the left ventricular echocardiographic chamber measurements in children and found them sufficient to detect group differences.
47
In a previous study, 4 we showed that children at all levels of blood pressure have a wide range of resting cardiac output. In this study, we observed that resting blood pressure, stroke volume, cardiac output, and systemic vascular resistance were greater in older children. After further adjustment for body size and measures of obesity, cardiac index is lower in older children. Though increases in body size and obesity measures account for a significant proportion of the higher blood pressure and larger stroke volume of older children, these variables alone do not explain the higher systemic vascular resistance seen in older children. This suggests that there is either structural changes or increased vascular reactivity in older children.
The cardiovascular responses to isometric exercise which have been described in adults are: increased heart rate, blood pressure, cardiac output, and oxygen consumption.' 7 -' 8 Laird et al." characterized the cardiovascular responses to submaximal isometric exercise in normotensive adolescents. They found increases in both blood pressure and heart rate without increases in echocardiographic left ventricular dimensions. Fixler et al. 20 also found that hypertensive children maintained a higher blood pressure during exercise. In this study, during isometric exercise, children at all levels of blood pressure increased their blood pressure and heart rate. With this stress, children with the highest resting blood pressure achieved the highest exercise blood pressure. The blood pressure, heart rate, cardiac output, and systemic vascular resistance changes that occur during isometric exercise correlate with the resting cardiac output. The correlations observed for the stroke volume, cardiac output, and systemic vascular resistance variables that used only directly measured echocardiographic dimensions were equal to those obtained using Meyer et al.'s" regression equations for cardiac output. Therefore, our equivalent measurements that do not magnify error by cubing variables, provide data similar to those using the Meyer et al. regression equations and would appear to reflect ventricular volume differences.
Although the hemodynamic responses to isometric exercise do not differ greatly in children at different levels of blood pressure, they do differ markedly according to resting cardiac output. The high correlations of resting cardiac output with exercise left ventricular diastolic dimension, stroke volume equivalent, cardiac index equivalent, and resistance index equivalent demonstrate that the dominant resting hemodynamic regulator of blood pressure persists during exercise. For example, children with high resting cardiac output achieve the highest cardiac output and the lowest systemic vascular resistance throughout isometric exercise. At all levels of blood pressure, there are children with low cardiac output and these children have the highest systemic vascular resistance at their level of blood pressure. During isometric exercise, they fail to develop large increases in cardiac output and respond to isometric exercise mainly by increasing their systemic vascular resistance. We speculate that children with higher resting resistance at all levels of blood pressure who maintain high resistance during exercise may not be able to vasodilate their peripheral vessels to the same degree as those with elevated cardiac output.
During dynamic exercise, there are group differences in systolic and diastolic blood pressure. At maximal exercise, both the heart rate and the product of the systolic blood pressure and the heart rate (double product) was greatest in the high blood pressure group. In studies of normal subjects performing both bicycle and isometric exercise the double product correlated highly (r = 0.88) with myocardial oxygen consumption. 21 This suggests that subjects with elevated resting systolic blood pressure have the highest myocardial oxygen consumption during dynamic exercise.
A hyperkinetic circulation is frequently present in adults with borderline hypertension, but is rarely found in essential hypertension. 22 Guyton and Coleman temic vascular resistance in older children. However, longitudinal studies are required to document the change in cardiac output with age in children. In summary, we have found that children with persistently elevated resting blood pressures continue to have higher blood pressures during exercise. The resting cardiac output correlated with blood pressure and cardiac output during isometric exercise. Therefore, the dominant resting hemodynamic determinant of resting blood pressure (cardiac output or systemic vascular resistance) continued to be the dominant determinant during exercise.
